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Adjacent to the lysis/lysogeny cassette of the A2 phage genome lies a stretch of over 8 kb, which contains a series of
genes probably involved in DNA replication. Fifteen open reading frames (orfs) were identified, 13 of which are encoded on
the main coding strand and only two on the complementary strand. Database searches and comparative analyses allowed
the identification of an open reading frame (orf455) that shows similarity with DNA helicases and contains a variant
zinc-finger motif known from the phage T7 helicase/primase. Orf770 showed similarity to putative plasmid and phage DNA
primases. Downstream of orf770 is a noncoding 258-bp region rich in direct and inverted repeats, which specifically binds
to proteins whose synthesis is induced during phage infection. When present in a plasmid, this region can direct a partial
bacteriophage resistance phenotype due to interference with phage DNA replication, both under laboratory conditions and
during milk fermentation. It is deduced that this stretch contains the origin of replication of phage A2. © 2000 Academic PressINTRODUCTION
Interest in the molecular biology of phages infecting
lactic acid bacteria (LAB) has increased as a result of the
commercial interest of this bacterial group to the fermen-
tation industry. The raw materials used, such as milk,
vegetables, musts, etc. are not sterile and frequently
carry bacteriophages that infect the starter cultures used
in food transformations. Furthermore, many starter bac-
teria harbor lysogenic phages that may become induced
during the process or may give rise to lytic derivatives.
Whatever the source, phage infection is still one of the
major problems in industrial fermentations (first de-
scribed by Whitehead and Cox, 1935) because it results
in lysis of the starter bacteria, slow fermentation, and
loss of quality of the final product (Sing and Klaenham-
mer, 1993). Thus, a better knowledge of phage biology
and the development of defense mechanisms against
phage infection are required.
Particular strains of the genus Lactococcus contain
natural phage defense mechanisms, which are usually
encoded in plasmids. These are based on absorption
interference, DNA entry blocking, restriction/modifica-
tion, and a series of other mechanisms that abolish
intracellular development of the phage, leading to abor-
tive infection. Similar natural systems are missing for
other important LAB, especially for Streptococcus ther-
mophilus and the lactobacilli. This has promoted the
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 34 985 103148. E-mail: jsuarez@sauron.quimica.uniovi.es.
101search for alternative mechanisms, usually based on
genetic manipulation of the bacterial strains and using,
mainly, phage-derived sequences. Examples include
those based on the cloning of replication origins into
multicopy plasmids, first developed for Lactococcus lac-
tis (Hill et al., 1990; O’Sullivan et al., 1993) and later for S.
thermophilus (Foley et al., 1998). Furthermore, insertion
of the gene encoding the repressor of phage A2 into the
genome of Lactobacillus casei resulted in complete in-
sensitivity to phage attack, both under laboratory and
milk fermentation conditions (Alvarez et al., 1998, 1999).
A2 is a temperate bacteriophage that infects strains of
L. casei and Lactobacillus paracasei. It was isolated from
“Gamonedo” cheese whey, a long-ripening, artisanal blue
cheese. It belongs to the Siphoviridae family and its
genome consists of a double-stranded DNA molecule 44
kb long with 39-protruding cohesive ends (Herrero et al.,
1994; Garcı´a et al., 1997).
In this study, we report on the phage A2 module of
DNA replication and functionally identify its origin of
replication. This cis-acting genetic element partially pro-
tects L. casei from phage A2 infection, allowing milk
clotting by the starter in the presence of the phage.
RESULTS AND DISCUSSION
Nucleotide sequence of the replication module of
phage A2 and identification of its genetic elements
The region located to the right of the lysis-lysogeny
genetic switch of phage A2 was analyzed. A continuous
stretch of 8570 bp was established after sequencing 73
0042-6822/00 $35.00
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102 MOSCOSO AND SUA´REZclones on both strands, which covered the region be-
tween three and four times. The total G 1 C content of
his region is 45.9%, which is similar to that of the Lac-
obacillus spp. host chromosome (Pouwels and Leunis-
en, 1994).
The sequence was translated in all six reading frames,
evealing 15 putative orfs, of which 13 are encoded on
he main coding strand and only two on the complemen-
ary one (Fig. 1). These were identified based on the
riteria that an orf consists of at least 50 codons and
ontains an initiation codon AUG, preceded by a ribo-
ome-binding site (RBS) complementary to the 39 end of
he 16S rRNA of Lactobacillus spp. (39-UCCUCC) or L.
actis (39-UCUUUCCUCCA) (Pouwels and Leer, 1993;
chouler et al., 1994; Matern et al., 1994). The orfs are
designated by a figure that indicates its number of
codons. The most common stop codon was TGA, seven
cases, whereas TAA and TAG appeared five and three
times, respectively. Three of the orfs (orf240, orf455, and
orf180) are consecutive and overlap, which might indi-
cate that they form a single translation unit. Others (orf69,
orf93r, and orf59) are included in larger orfs, although
they are always in different frames. Generally, the orfs
ither overlap or are separated by a few nucleotides (nt),
ndicating a relatively high density of coding sequences
n this part of the phage A2 genome. Only two large
ntergenic regions of 277 bp (between orf96 and orf67)
nd 258 bp (between orf770 and orf117) were observed.
FIG. 1. (A) Scheme of phage A2 genome. Regions involved in differe
hage A2. The arrows indicate the orientation of putative orfs, which aThe 258-bp noncoding region contains various direct and
inverted repeats.Database searches and comparative analyses
The nucleotide and deduced amino acid (aa) se-
quences of the possible orfs were compared to the
contents of the available databases. Seven of the 15 orfs
showed significant similarity to sequences already re-
ported, being mainly related to proteins involved in initi-
ation of DNA replication (Table 1). In addition, orf240,
orf455, and orf770 present a “Walker A” motif (A/GXXG/
AXGKT/S), indicating that they may have ATP/GTP-bind-
ing sites (Walker et al., 1982).
Of special relevance are the cases of orf240, orf455,
orf180, and orf770. The first contains sequence similari-
ties to orf245 of f31 (58.6% aa similarity and 37.2% aa
dentity), which has been reported to be involved in
ensitivity to the AbiA mechanism of defense against
hage infection (Dinsmore and Klaenhammer, 1997). The
ucleotide sequence of orf455 overlaps by 38 nucleo-
ides with the preceding one (orf240). The predicted
rotein shows significant similarity with the GP51C pro-
ein of phage mi7–9 (50% aa identity), which is highly
onserved among lactococcal phages (Kim and Batt,
991). Similarly, it shares a significant degree of similarity
over 40% aa identity) with orf443 and orf10 of the strep-
tococcal phages fSfi21, fDT1, and fO1205 (Desiere et
l., 1997; Tremblay and Moineau, 1999; Stanley et al.,
1997) and with different ATP-dependent helicases and
eukaryotic initiation factors. Three conserved motifs typ-
ical of helicases have been identified in it (Gorbalenya
esses of the phage life cycle are indicated. (B) Replication module of
ed according to their number of codons.and Koonin; 1993): a NTP-binding site (“Walker A” motif),
a NTP hydrolysis motif (DD/E, “Walker B” motif), and a
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103PHAGE A2 REPLICATION ORIGINvariant Cys4 zinc-finger motif (CXXCX(10–15)CXXC), analo-
gous to the phage T7 helicase/primase, which is in-
volved in protein-nucleic acid interactions (Bernstein and
Richardson, 1988; Kusukabe et al., 1999) (Fig. 2). This
rotein contains a high percentage of lysine residues
nd it is highly charged, as is the GP51C protein of phage
i7–9.
The AUG start codon of orf180 overlaps with the stop
odon TGA of the preceding gene (orf455), indicating a
ossible coupled translation of both. It contains a high
umber of charged amino acids (27 acidic and 23 basic)
nd is related to the lactococcal phage protein GP18C of
hage mi7–9. An antisense RNA complementary to the
ene that encodes GP18C was shown to inhibit the
eplication of lactococcal phages (Kim et al., 1992).
Finally, the protein deduced from orf770 shows a sig-
nificant similarity along its total amino acid sequence
with the putative proteins orf11 of phage f105 from
acillus subtilis (37.8% aa identity; accession number
B016282) and gp9a of fC31 from Streptomyces spp.
T
General Features of Putative orfs from Phage
Orfa
Size
(aa)
Mass
(kDa) Function/similarity
orf70r 70 7.79 Unknown
orf96 96 11.16 orf117 from Lactobacillus fg1e
orf67 67 7.52 Unknown
orf163 163 18.38 orf157 from S. thermophilus fSfi21
orf169 from lactococcal f31
orf69 69 8.04 Unknown
orf240 240 26.36 NTP-binding
orf9 from S. thermophilus fO1205
orf234 from lactococcal BK5-T
orf93r 93 10.39 Unknown
orf455 455 50.87 Zn-finger, NTP-binding, NTP-hydrolysis
Putative DNA helicases:
GP51C from lactococcal mi7-9
orf10 from streptococcal fO1205
orf180 180 20.69 High number of charged amino acids
orf11 from streptococcal fO1205
GP18C from lactococcal mi7-9
orf770 770 88.23 NTP-binding. Putative DNA primases:
orf11 Bacillus phage f-105
gp70 mycobacteriophage TM4
orf13 from streptococcal fO1205
DNA primase/helicase from phage P4
orf117 117 12.99 Unknown
orf97 97 11.01 orf107 from streptococcal fDT1
orf15 from streptococcal fO1205
orf59 59 6.70 Unknown
orf62 62 7.29 Unknown
orf54 54 6.01 Unknown
a r indicates that orf is codified on the complementary strand.
b E-value derived from BLAST represents the probability that the o
probability of two proteins being structurally related (Altschul et al., 19(28.8% aa identity) (Hartley et al., 1994; Hendrix et al.,
1999). It also has a significant similarity with gp70 of
bmycobacteriophage TM4 (27% aa identity) (Ford et al.,
1998) and the putative ATP binding protein of Streptomy-
ces coelicolor (24.6% identity aa) (Redenbach et al.,
1996). All these proteins have similar sizes (between 720
and 867 aa). Orf770 also shows some degree of similar-
ity (values around 25% aa identity) to the putative DNA
primases of the streptococcal phages fSfi21 and
fO1205 (504 aa), although this is restricted to its last
half, reflecting the fact that these proteins are shorter
than orf770. However, the EGYATA motif, characteristic of
prokaryotic DNA primases (Pansegrau and Lanka, 1992),
was not observed in orf770 nor in the corresponding
proteins of fSfi21 and fO1205. Finally, a weak relation
as observed with the DNA helicase/primase of phage
4 (43.9% aa similarity and 20.1% aa identity) (Ziegelin et
l., 1993).
Surprisingly, the replication module of phage A2 pre-
ents a higher degree of similarity at a structural level
nd in general organization with the streptococcal tem-
erate phages fSfi21 and fO1205 than with the Lacto-
d Comparison to Sequences from Databases
larity
)
Identity
(%) E-valueb Reference
.39 21.65 0.009 Kodaira et al. (1997)
.50 31.21 2 z e214 Desiere et al. (1997)
.69 32.69 6 z e210 Dinsmore and Klaenhammer (1997)
.97 58.37 3 z e268 Stanley et al. (1997)
.78 57.08 3 z e263 Boyce et al. (1995)
.31 50.00 1 z e2106 Kim and Batt (1991)
.30 42.01 2 z e299 Stanley et al. (1997)
.29 30.46 4 z e212 Stanley et al. (1997)
.83 27.21 4 z e26 Kim and Batt (1991)
.99 37.82 1 z e2139 Accession number AB016282
.01 27.02 6 z e254 Ford et al. (1998)
.84 25.42 1 z e210 Stanley et al. (1997)
.87 20.08 2 z e26 Ziegelin et al. (1993)
.83 47.92 2 z e218 Tremblay and Moineau (1999)
.6 51.16 3 z e215 Stanley et al. (1997)
d similarity had occurred by chance. Low E-values indicate a highABLE 1
A2 an
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68acillus phage fg1e (Kodaira et al., 1997) (Fig. 3). This
indicates that the three phages share a common module
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104 MOSCOSO AND SUA´REZthat contains most of the replication genes and suggests
that they might have a common ancestor that underwent
divergent evolution, once new modules, possibly carry-
ing the host specificity determinants, were added to the
replication cluster. This might be considered another
support of the modular theory of phage evolution (Bot-
stein, 1980; Hendrix et al., 1999).
Identification of the replication origin of phage A2
Downstream of orf770 (the potential primase), a non-
coding region of 258 bp is located. This region contains
an A 1 T-rich sequence and five direct repeats (6–11
ucleotides long) present in two to four copies. Imperfect
nverted repeats capable of forming stem-loop structures
ere also located in this DNA segment (Fig. 4A). Similar
equence structures, i.e., A 1 T-rich stretches and a
cluster of direct and inverted repeats, are characteristic
of the origins of DNA replication in general and of bac-
teriophages in particular (Keppel et al., 1988). It has been
hown in L. lactis that the presence of an origin of
eplication in trans may interfere with phage replication
y titration of essential phage-specific replication fac-
ors. This results in partial bacteriophage resistance
phenotype Per) (Hill et al., 1990; O’Sullivan et al., 1993).
ore recently, the origins of S. thermophilus phages
FIG. 2. Sequence alignment of the deduced protein orf455 with the pu
respectively. *, Identical amino acids. The position of a variant zinc-finfSfi21 and fSfi19 have been functionally identified using
the same strategy (Foley et al., 1998).
p
dTo investigate whether the putative origin of replica-
tion of phage A2 shared this ability, the 258-bp intergenic
segment between orf770 and orf117 was cloned into
pG1host9 to give pGH9-a (Fig. 4B). L. casei derivatives
containing pGH9-a did not show any reduction in the
efficiency of plating of A2 with respect to the controls that
harbored pG1host9. Next, a 685-bp segment that con-
ains the 258-bp noncoding region plus the complete
equence of orf117 was inserted into pG1host9. L. casei
as transformed with the resulting plasmid (pGH9-b)
nd subjected to the same test. This time a reduction of
ore than 90% in the efficiency of plating (e.o.p.) was
bserved (Fig. 4B). This was accompanied by reduction
n the size of the plaques obtained (Fig. 4C). However,
he integrity of orf117 was not necessary for expression
f the resistance phenotype since a new plasmid,
GH9-g, containing the intergenic segment plus about
wo-thirds of orf117 still conferred resistance to A2. Fi-
ally, it was determined that the origin of replication of
hage A2 probably includes the whole zone in which
irected and inverted repeats are found, which includes
he intergenic region plus the DNA stretch correspond-
ng to the beginning of orf117 (Fig. 4A). Thus, plasmid
GH9-d, which contains precisely this DNA piece, still
onfers resistance to phage A2, whereas another one,
DNA helicases orf10, orf443, and GP51C of fO1205, fSfi21, and mi7–9,
tif is given. Lysine residues are shown in bold.GH9-e, which contains a small deletion in its 59 end,
oes not (Fig. 4B).
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105PHAGE A2 REPLICATION ORIGINEffect of the bacteriophage resistance determinant on
phage and plasmid DNA replication
If the phenotype of resistance was the result of titra-
tion of phage-specific replication factors by the ori seg-
ent cloned in pG1host9, we should expect some inhi-
bition in the rate of phage DNA accumulation and, simul-
taneously, an increase in plasmid DNA content, following
infection. To determine whether this was the case, L.
casei derivatives containing pG1host9 or pGH9-b were
infected with phage A2 at multiplicity of infection of 1. The
latent period of A2, under the conditions of the experi-
ment, lasts for 140 min (Herrero et al., 1994). This is quite
long; most phages start to release their progeny between
40 and 60 min postinfection (Klaenhammer and Fitzger-
ald, 1994). One of the reasons for this extremely long
development cycle might be the late start of DNA repli-
cation (Fig. 5A). Incoming phage DNA is linear and cir-
cularization is a prerequisite for replication. This is ac-
complished by sealing the cohesive ends of the mole-
cule. Circular and linear forms of the A2 DNA genome
FIG. 3. Scheme of the structural organization of the replication modul
S. thermophilus, fg1e from Lactobacillus spp., fC31 from Streptomyce
showing significant similarities in their amino acid sequences.may be detected by hybridization of EcoRI-restricted total
DNA from infected cells with phage DNA. Linear DNA
m
owill show two segments of 1.1 and 2.3 kb that correspond
to the ends of the molecule, whereas circular molecules
will show the corresponding fusion fragment of 3.4 kb. In
the case of infected cells containing plasmid pG1host9
his segment becomes evident only after 60 min postin-
ection (Fig. 5A, track 5), indicating that replication may
tart at around that time. However, in the case of cultures
hat harbor pGH9-b, the first appearance of the sticky
nd fusion segment occurs at 120 min postinfection (Fig.
B, track 17), suggesting that the putative ori sequence
resent in pGH9-b really interferes with phage DNA
eplication, probably through titration of phage-specific
eplication factors. Furthermore, the phage titer at 180
in after infection revealed a significant reduction (about
enfold) in the concentration of phages present in the
upernatants of cells harboring pGH9-b (1.26 3 108 pfu/
ml) with respect to those containing the pG1host9 vector
1.29 3 109 pfu/ml).
The surprising presence of the individual segments
hat carry the cohesive ends throughout the lytic cycle
Lactobacillus phage A2 and related phages: fO1205 and fSfi21 from
and BK5-T, f31, and mi7–9 from L. lactis. Vertical bars connect the orfse of theight indicate that phage DNA circularization occurs
nly in a fraction of the infected cells. However, it may
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l
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106 MOSCOSO AND SUA´REZalso indicate poor injection, joined to efficient absorption
(more than 99% of the phages are removed from culture
FIG. 4. (A) Nucleotide sequence of the possible origin of replication of
inverted repeats (IR1 to IR7). The EcoRI and BamHI restriction sites are
re indicated under the nucleotide sequence. (B) Scheme of the DNA
ocated in its vicinity. The lines below the map represent fragments clo
of A2 on L. casei derivatives containing each of the plasmids. (C) Appea
G1host9 (a) and pGH9-b (b), respectively. The photographs were taksupernatants after 10 min (Herrero et al., 1994; unpub-
ished data). A third possibility, asynchronous infection,may be excluded as a result of the transcription of an
early gene, such as the one that encodes the phage
A2. Direct repeats (DR1 to DR5) are underlined and the arrows indicate
own. The last amino acids of orf770 and the N-terminal region of orf117
nt that contains the putative ori sequence of phage A2 and the orfs
o pG1host9 with indication of their size and the efficiency of plaquing
of the plaques produced by phage A2 on L. casei derivatives harboring
e same magnification.phage
also sh
segme
ned intrepressor, which is abolished after 30 min of infection
(Ladero et al., 1998). Moreover, the rising period of phage
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107PHAGE A2 REPLICATION ORIGINproduction, which starts at about 140 min postinfection,
lasts for about 30 min (Herrero et al., 1994).
To investigate whether the phage infection could have
any positive effect on pGH9-b replication, a culture of L.
asei cells containing this plasmid was divided into two
liquots. One was infected with phage A2; the other was
ept as a control. Samples were removed at various
imes after infection. Total DNA was isolated and the
lasmid DNA content monitored. The amount of pGH9-b
DNA present in infected cells appears to be slightly
higher than that in uninfected cells, especially at late
times postinfection (Fig. 6). This again suggests that the
segment of phage A2 cloned in pG1host9 acted as an
rigin of replication, which used phage-encoded pro-
eins as initiation factors.
inding of proteins induced by phage infection to the
eplication origin of phage A2
As a final proof of the functional nature of the ori
equence, it was determined, through gel retardation
ssays, that extracts of infected L. casei cultures induced
a shift in the migration of an ori-containing DNA segment
(Fig. 7, tracks 2 and 5). Such an effect was not observed
when extracts from uninfected cultures were used (Fig. 7,
FIG. 5. Monitoring of phage A2 DNA replication. Total DNA isolated
pGH9-b (B) was digested with EcoRI and hybridized to phage A2 DNA
15, 30, 60, 90, 120, and 180 min postinfection, respectively; lanes 9–11
samples taken before and at 15, 30, 60, 90, 120, and 180 min postinfetracks 3 and 6), indicating that phage infection induces
the production of proteins that specifically bind to thisDNA segment (the experiment was performed in the
presence of an excess of nonspecific DNA).
The ori-induced phage resistance phenotype is
expressed during milk fermentation
L. casei strains are commercially used for milk fermen-
tation, either as main or adjunct starters. Since phage
infection is able to stop the process, we tested whether
ori would confer, in milk, the partial resistance against
ous times postinfection from L. casei 393 containing pG1host9 (A) or
1: l DNA digested with PstI; lanes 2–8: samples taken before and at
ost9, A2 DNA, and pGH9-b, respectively, cut with EcoRI; lanes 12–18:
ne 19: linearized pGH9-b.
FIG. 6. Plasmid replication driven by phage A2 infection. L. casei
93::pGH9-b was infected with phage A2, total DNA was extracted at
various times postinfection, digested with EcoRI, and hybridized with
pG1host9. Lane 1: pGH9-b digested with EcoRI; lanes 2–8: total DNAat vari
. Lane
1extracted before and at 15, 30, 60, 90, 120, and 180 min postinfection,
respectively; lane 9: pGH9-b linearized with PstI.
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108 MOSCOSO AND SUA´REZphage A2 observed under laboratory conditions and,
provided that this was the case, whether this resistance
was enough to allow the fermentation process to occur
normally. To do this, L. casei 393 harboring pG1host9 or
pGH9-b were inoculated in reconstituted skim milk and
infected with the phage (105 particles/ml, a concentration
that is at least 10-fold higher than usual in contaminated
milk). The fate of the cells and of the phage were then
followed along the fermentation.
Both starters presented similar growth curves in the
absence of the phage (Fig. 8A). However, in its presence
the strain containing pG1host9 showed a retardation of
cell accumulation, which was followed by its decrease
after 12 h of incubation (Fig. 8A). This coincided with the
vast accumulation of phages in the milk (an increase of
five log units was reached at 12 h of incubation; Fig. 8B).
On the contrary, the titer of L. casei::pGH9-b increased
steadily, although at a lower rate than in the uninfected
culture, indicating that the resistance induced by ori was
nly partial. Phage also accumulated in this last culture,
FIG. 7. Gel retardation assays using 32P-labeled 384-bp (lanes 1–3)
nd 510-bp (lanes 4–6) DNA fragments containing the replication origin
f phage A2. Crude cell extracts were prepared from L. casei cultures
infected with phage A2 (lanes 2 and 5) and noninfected (lanes 3 and 6).
Lanes 1 and 4 are controls containing no crude cell extract.
1FIG. 8. (A) Growth curves in milk of L. casei containing pG host9 (E, F) or
(B) Bacteriophage titer of the infected cultures: L. casei::pG1host9 (F), L. caslthough their concentration was consistently more than
0-fold lower than in the milk inoculated with L.
asei::pG1host9 (Fig. 8B). The rate of conversion of the
actose of the milk into lactic acid was similar in both the
nfected and uninfected L. casei::pGH9-b cultures
(reaching values of 0.75% lactic acid at 12 h of incuba-
tion), which induced a lowering of pH to 4.85. As a
consequence, a usable curd was obtained even from the
infected cultures. The data provided indicate that the
protection conferred by ori against infection by phage A2
is partial. However, it allows milk fermentation to pro-
ceed mostly undisturbed, which is an evident technolog-
ical benefit. It might even turn out to be advantageous,
because the partial lysis of the starter could accelerate
the ripening of the dairy products to be made out of that
milk, as a result of liberation of the intracellular enzymes
that participate in their maturation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophages
Lactobacillus casei ATCC 393 was used to propagate
bacteriophage A2 (Herrero et al., 1994) and as recipient
of pG1host9 plasmid constructions containing the phage
2 origin of replication. Growth of L. casei was on liquid
RS (Oxoid, Madrid, Spain) or MRS solidified with 1.5%
w/v) agar. Phage A2 propagation was on MRS supple-
ented with 10 mM CaCl2 and 10 mM MgSO4 (MCM).
laque scoring was on solid MCM (1.5% agar) covered by
emisolid medium (0.7% agar). Incubations were done at
0°C, without aeration. Erythromycin at 2.5 mg/ml (final
oncentration) was added when required.
Escherichia coli JM105 [supE endA sbcB15 hsdR4 rpsL
hi D(lac-proAB) F9 (traD36 proAB1 lacIq lacZDM15) (Ya-
isch-Perron et al., 1985)] was used as recipient for
UC18 plasmid constructions. It was cultivated in 2xTY
roth or 2xTY broth solidified with 1.5% (w/v) agar (Sam-
rook et al., 1989) at 37°C under agitation. Ampicillin (100pGH9-b (›, ) in the presence (F, ) or absence (E, ›) of phage A2.
ei::pGH9-b ().
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109PHAGE A2 REPLICATION ORIGINmg/ml), erythromycin (250 mg/ml), IPTG (0.5 mM), and
-Gal (40 mg/ml) were used when required.
Plasmids pG1host9 (Maguin et al., 1992) and pUC18
(Yanisch-Perron et al., 1985) have been previously de-
scribed.
DNA techniques
General DNA techniques were performed as de-
scribed by Sambrook et al. (1989). Restriction enzymes,
T4 DNA ligase, T4 DNA polymerase, and Klenow DNA
polymerase were purchased from Amersham and used
according to the supplier’s instructions. The DNaseI and
the calf intestinal phosphatase were obtained from
Boehringer-Mannheim (Indianapolis, IN). Phage A2 DNA
was extracted and purified as described by Sua´rez and
Chater (1981). E. coli was transformed by electroporation
with a BioRad pulser apparatus (Dower et al., 1988). L.
casei was electroporated as described by Wei et al.
(1995). The Qiagen Plasmid Mini Kit (Qiagen, Chats-
worth, CA) and the Wizard Plus SV Minipreps DNA Puri-
fication System (Promega, Madison, WI) were used for
plasmid DNA extraction from E. coli. Other preparations
were obtained by a modified alkaline lysis method (Le
Gouill et al., 1994). Plasmid DNA from Lactobacillus was
isolated using the procedure described by O’Sullivan and
Klaenhammer (1993).
For DNA-DNA hybridization, digested DNA was sepa-
rated by electrophoresis and the fragments transferred
to Hybond-N nylon membranes (Amersham) by Southern
blotting. Probe DNA was labeled with Digoxigenin-11-
dUTP using the random primed method (DIG DNA La-
beling and Detection Kit, Boehringer-Mannheim). Chemi-
luminescent detection with CDP-Star was performed as
recommended by supplier. PCR amplification was per-
formed in a MiniCycler (MJ Research, Inc., MA) or in a
PTC-100 Programmable Thermal Controller with Peltier-
Effect Cycling (MJ Research, Inc.), using the proofreading
Pwo DNA Polymerase (Boehringer-Mannheim) accord-
ing to the supplier’s instructions. PCR products were
purified using the QIAquick-spin PCR Purification Kit
(Qiagen). Large DNA templates were amplified with the
Expand Long Template PCR System (Boehringer-Mann-
heim).
DNA sequencing and analysis
The region of the phage A2 genome, adjacent to the
lysis/lysogeny cassette, was amplified using the Expand
Long Template PCR System (Boehringer-Mannheim) ac-
cording to the supplier’s instructions. For DNA sequenc-
ing, a random library of this region was established
using DNaseI-generated fragments as described by
Schouler et al. (1994). The isolated fragments were
cloned in pUC18 linearized with SmaI and dephosphory-
lated. The DNA sequence was determined on both
strands by the PCR cycle sequencing method (Murray,1989) in an ALFexpress automatic sequencer (Pharma-
cia, Uppsala, Sweden), using the Cy5 AutoCycle Se-
quencing Kit (Pharmacia) or the Thermo Sequenase Flu-
orescent Labeled Primer Cycle Sequencing Kit using
7-deaza-dGTP (Amersham). Alternatively, manual se-
quencing, using the dideoxynucleotide chain termination
method (Sanger et al., 1977), was performed. In this case,
[35S]dATP (1200 Ci/mmol; Amersham) and the Sequenase
ersion 2.0 DNA Sequencing Kit with 7-deaza-29deoxy-
uanosine triphosphate (Amersham) were used. Unclon-
ble regions were amplified by PCR and sequenced
sing specific primers, or were directly sequenced using
he whole phage DNA as a template.
The nucleotide sequence reported here has been sub-
itted to the EMBL Database (accession number
J251789). Database searches and sequence analyses
ere carried out using the UWGCG software (Devereux
t al., 1984). Homology searches were performed using
LASTN and BLASTP (Altschul et al., 1990).
nalysis of intracellular phage DNA
Total DNA from L. casei was isolated according to the
ethod of Leenhouts et al. (1989), with the following
odifications: an overnight culture was diluted in MCM
o an initial optical density at 660 nm (OD660) of 0.08 and
grown at 30°C until an OD660 of 0.25 was reached. Phage
2 at a multiplicity of infection (m.o.i.) of 1 was added and
amples containing 5 3 108 cells were removed before
and at various times postinfection. The samples were
centrifuged and the pellets frozen by immersion in ultra-
cold ethanol (270°C). The supernatants were stored at
4°C for phage titration. The pellet was suspended in 100
ml of lysis solution (50 mM glucose, 25 mM Tris–HCl, 10
mM EDTA, pH 8.0) containing 20 mg/ml lysozyme, 20
mg/ml RNase, and 500 U of mutanolysin and the suspen-
sion was incubated for 30 min at 37°C. Afterward, 20 ml
of 10% SDS was added and the sample was frozen-
thawed three times. Immediately, 1.5 ml of proteinase K
(20 mg/ml) was added and the samples were incubated
for 15 min at 60°C (or until the suspension became
clear). The lysate was extracted two times with an equal
volume of phenol-chloroform-isoamyl alcohol (25:24:1)
and once with an equal volume of chloroform-isoamyl
alcohol (24:1). The DNA was precipitated with ethanol
and resuspended in 30 ml of TE buffer.
Construction of plasmids containing the origin of
replication of phage A2
PCR fragments, generated using phage A2 DNA as
template and appropriate converging primers, were
cloned in the E. coli-lactococcal vector pG1host9 di-
gested with SalI.
In the case of pGH9-d and pGH9-e, an initial 998-bp
PCR fragment was digested with BamHI-SalI or with
BamHI-EcoRI to generate 384- and 261-bp segments,
pG
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110 MOSCOSO AND SUA´REZrespectively. Their cohesive ends were filled by treat-
ment with the Klenow fragment of DNA polymerase. The
resulting blunt-ended segments were cloned in
pG1host9, previously digested with EcoRV and dephos-
horylated.
el retardation assays
Cell extracts were prepared from exponential cultures
f L. casei that were divided into 50-ml aliquots prior to
ddition of phage A2 at a m.o.i. of 2. After incubation for
0 min at 30°C the cells were harvested and crude
xtracts prepared as described by Foley et al. (1996).
The 384- and 510-bp PCR fragments (150–250 ng)
ontaining the ori sequence were end-labeled with the
lenow fragment of DNA polymerase I in the presence of
0 mCi of [a-32P]dCTP (3000 Ci/mmol, Amersham). The
labeled DNA was extracted with phenol, precipitated
with ethanol, resuspended in TE buffer, and dialyzed to
eliminate unincorporated label. The binding reaction
mixture (20 ml final volume) contained 1.5–5 ng 32P-la-
beled DNA fragment and approximately 3 mg of total
rotein. The binding buffer (pH 8.0) contained 20 mM
ris–HCl, 1 mM EDTA, 5 mM MgCl2, 0.1 M KCl, 2 mM DTT,
50 mg/ml BSA, 50 mg/ml poly(dI)-poly(dC), and 10% (v/v)
lycerol. The reactions were incubated at room temper-
ture for 10 min. Then, 2 ml of loading buffer [60% (v/v)
glycerol, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xy-
lene cyanol, 10 mM EDTA, pH 8.0] were added and the
reaction mixture was loaded on 3.5–5% nondenaturing
polyacrylamide gels. Gels were run at 100 V in TAE buffer
(40 mM Tris-base, 20 mM acetic acid, 1 mM EDTA, pH
8.0) at room temperature. Analysis of the gels was by
autoradiography.
Milk fermentation assays
Preinocula were prepared by taking overnight cultures
of L. casei harboring pG1host9 or pGH9-b, which were
resuspended in 11% reconstituted skim milk (RSM) sup-
plemented with 0.5% glucose and 0.25% yeast extract.
After incubation for 16 h at 30°C, the whey was used to
inoculate sterile milk to a final cell density of 5 3 108
cfu/ml (Harrington and Hill, 1991; A´lvarez et al., 1999).
liquots were made and half of them were infected with
hage A2 (105 pfu/ml, final titer). The fermentation was
allowed to proceed at 30°C for 24 h. Samples were taken
at 0, 6, 12, 18, and 24 h to measure their pH and titratable
acidity and to determine the viable cells (cfu/ml) and
bacteriophage (pfu/ml) titers.
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